An experimental and theoretical investigation of the temporal spread of an ultrashort light pulse on transmission through a highly scattering medium has been made. For the strongly diffuse light, the transmitted pulse may be described by a universal function whose duration can be directly related to the width of the sample. For sufficiently scattering samples, experimental data and the diffusion approximation indicate that the output pulse duration scales with the square root of the sample width.
Introduction
Light scattering from dense collections of scatterers has attracted a great deal of interest recently, particularly for medical-imaging applications in the nearinfrared window of biological tissue 1,650-1000 nm2, where the scattering cross section may exceed the absorption cross-section by more than an order of magnitude. Consequently most of any image-bearing light that propagates though this turbid medium 1tissue2 undergoes multiple scattering, which causes both the spatial and the temporal point-spread functions 1TPSF's2 to become extremely broad. In principle, these scattered-light profiles contain the image information plus information about the turbid medium through which it has propagated. Unfortunately it is not generally straightforward to perform the inverse-scattering calculation and recover the image information.
A number of approaches have been proposed to obtain useful images through significant depths of scattering media, including confocal imaging techniques, 1,2 the phase-shift detection technique, 3, 4 and time-gated imaging with either low-coherence interferometry 5, 6 or incoherent time-resolved detection. [7] [8] [9] [10] In essence, these techniques aim to discriminate against the scattered light and detect that small fraction of the incident light that is either not scattered 1the ballistic light2 or that has undergone relatively few scattering events, which have been mostly in the forward direction 1the early arriving scattered light2. This useful light may be selected by the use of filtering in the spatial domain 1confocal imaging2 or gating in the temporal domain 1because light that scatters less takes a shorter path through the medium2. Both techniques may be used together to maximize the signal-to-noise ratio. The chief disadvantage of these approaches is that, for significant tissue thicknesses, almost all the photons undergo multiple scattering. Consequently an ultrashort input pulse will typically broaden by many orders of magnitude, and there will be relatively few photons in a detection time window of a duration that is comparable to the width of the input pulse. The ballistic 1unscattered2 component is attenuated according to Beer's law, where I 0 is the intensity of the incident light, L is the depth of the scattering medium, and µ s is the scattering coefficient given by the inverse of the scattering mean free path 1mfp2:
be ,100 µm, it can be seen that the ballistic component is strongly attenuated by only a few millimeters of tissue. It has been estimated that, for the maximum permissible intensity of illumination for living tissue, the ballistic light will only be detectable above the quantum shot-noise limit for attenuations corresponding to ,36 mfp, or ,4 mm of breast tissue. 6 Note that the ballistic light is still coherent and so may be used to form diffraction-limited images. Time gating of ballistic light may also be used in a backscattering geometry to obtain depth information and construct three-dimensional images.
For greater scattering depths it is necessary to broaden the time gate of the detection system and use the early arriving scattered light. It has been shown 11 that this component of the signal is attenuated according to
where, for biological tissue, which tends to scatter strongly in the forward direction, the attenuation is determined by the transport scattering coefficient µ s 8 5 11 2 g2 µ s < µ s @10 because g, the mean cosine of the scattering angle, is typically 0.9-0.95. Thus, when the same criteria as in Ref. 6 are applied, the early arriving scattered component may be detected above the quantum shot-noise limit for scattering depths corresponding to ,40 transport mfp's 1defined as the inverse of the transport scattering coefficient µ s 82. This would correspond to ,40 mm of tissue. 10 The early arriving scattered light is, at best, partially coherent and does not contain sufficient information to achieve diffraction-limited resolution. It does, however, contain information about the scattering properties of the medium along its path, and this may be used to form images based on differential scattering parameters 1e.g., Ref. 92. A further disadvantage of early arriving light compared with imaging with ballistic light is spatial cross talk, which limits the potential to obtain high-quality single-shot images.
Instead it is usually necessary to make absorption 1or scattering2 measurements along a path and then to scan this path through the image plane. Although imaging depths of up to ,40 mm may be useful for some situations, for many applications, such as mammography, imaging must be achieved through significantly thicker tissue samples, and so a larger fraction of the diffuse 1multiply scattered2 light must be used to reconstruct the required image; i.e., the time gate must be widened to integrate more of the transmitted TPSF. This obviously reduces the image resolution and probably precludes the possibility of single-shot imaging. Once the time gate is sufficiently broadened such that a significant fraction of the transmitted photons are detected, the temporal measurement essentially yields only the mean time of flight of the photons through the sample, which limits the achievable resolution to ,1 cm 1e.g., Refs. 12, 132. An alternative 1and equivalent2 approach to obtain the mean photon time of flight is to measure the phase change of a modulated cw signal along a path 1e.g., Refs. 3, 4, 142. This technique may prove more practical to implement in a clinical situation.
Unfortunately, the image resolution achievable with mean-time-of-flight images is not sufficient for many applications such as screening for breast cancer, where it is desirable to detect tumors smaller than 1 mm. To achieve such resolution through tissue depths exceeding ,40 mm, it is necessary to tackle the inverse problem and extract image information from measurements of the diffuse light. This resolution may be approached by combining spatially resolved detectors with mean-time-of-flight measurements and calculating the distribution of the scattering elements, i.e., with the tomographic approach 1e.g., Ref. 152, or by temporally resolving the point-spread function along a path and calculating the profile of the early arriving light.
This latter approach has been recently demonstrated by Hebden and Delpy, 16 who used it to detect inclusions inside strongly scattering media by measurement of the temporal profile of the diffuse light with high resolution 115 ps2. These temporal data were then fitted to the diffusion approximation and, by extrapolation, the signal that would have corresponded to the early arriving scattered light 1had it been possible to detect it2 was determined. This experiment suggests that high-resolution time-gated imaging may be useful after all for imaging through more than ,40 cm of tissue when it is used with inverse-scattering algorithms. Their analysis relies on the fact that the shape of the pulse is well described by the diffusion approximation over a wide range of parameters. Clearly an improved understanding of the nature of the scattering would im- prove the reliability and accuracy of any inverse calculation. This is the motivation for the study reported here, in which we compare the predictions of diffusion approximation with experimental measurements to investigate the potential of such an imaging procedure.
Experimental Setup
The experimental setup is shown schematically in Fig. 1 . An argon-ion laser was used to pump a mode-locked Ti:sapphire laser 1Spectra-Physics Tsunami system2, which generated pulses of approximately 80-fs duration at 830 nm, with a repetition rate of 80 MHz and an average power of ,1 W. The scattering cell was a cylindrical container of 10-cm diameter, with 4-mm-thick windows of BK7 glass, whose length could be continuously adjusted from ,1 to ,25 mm. This cell was filled with various solutions of polystyrene spheres 1refractive index n 5 1.592 in water 1obtained from the Sigma Chemical Company2. The diameters of the spheres used were either 0.46 or 1.102 µm in 0.1%-and 1%-concentration solutions by volume.
The pulses from the Ti:sapphire laser were propagated unfocused through the scattering cell and detected with a synchronously operated streak camera 1Hamamatsu Model OS12. The entrance slit of the streak camera was 2.5 mm high and 0.03 mm wide and was located approximately 5 mm from the scattering-cell window. The temporal response function of this camera is ,10 ps, very much smaller than the temporal features studied in the experiments. It was necessary to adjust the incident intensity by the use of a variable neutral density filter for each measurement of the transmitted pulses to ensure that the signal intensity was within the dynamic range of the streak camera. Each measurement was averaged over 10,000 pulses. The TPSF, i.e. the temporal profile of the transmitted pulses, was thus measured for a range of scattering-cell lengths and for the different concentrations of the polystyrene spheres described in Table 1 .
Calculations
The experimental TPSF measurements were compared with calculated TPSF's predicted by an analytical approach in which the diffusion approximation is used for particles with negligible absorption. The transmission T1r, d, t2 as a function of position from the incident beam axis, r, sample width d, and time t Fig. 2 . Plots of TPSF's measured experimentally and calculated with the diffusion approximation for the pulses transmitted through a 1% solution of 1.102-µm particles for 1a2 an 8-mm-wide sample and 1b2 a 14-mm-wide sample. where µ s and g were calculated for the polystyrenespheres-scattering solutions by the use of Mie theory. Note that the widest sample size used corresponded to a width of approximately 40 transport mpf 's 1for a 14-mm-wide cell of the 1% solution of the 0.46-µm-particle-diameter liquid2.
Results and Discussion
The output temporal pulse profiles 1TPSF's2 for various values of the experimental parameters are shown in Figs. 2 and 3 . Figure 2 shows a comparison of the experimental results with the results of the diffusion calculation for the 1%-concentration solution of the 1.102-µm particles. Figure 3 shows the same comparison for the 0.1% liquid of 0.46-µm particles. All the curves shown have been normalized to a peak value of 1, and the experimental curves have been moved on the time axis to permit direct comparison, because the absolute time of flight was not recorded in these experiments. It can be seen that the fits to the diffusion approximation are good for all three data sets, confirming its applicability. One area of interest is the dependence of the shape of these TPSF's on the sample thickness. We hypothesize that the shape of the TPSF is independent of 
To study a1d2, a least-squares-fitting program was used to determine the best value of a linear scaling factor for the time axis to minimize the difference between two TPSF's. The results of this procedure can be seen in Figs. 4 and 5 , which plot the scaled TPSF's for values of the scaling factors that give the maxima coinciding with the 0.1%-and 1%-concentration liquids, respectively, for the 1.102-µm particles. The curves in Fig. 41a2 are derived from the predictions of the diffusion approximation, and those in Fig.  41b2 are from the experimental measurements. Figure 4 , for the 0.1% solution of 1.102-µm particles, contains eight different theoretical and experimental curves 1obtained with eight different sample thicknesses ranging from 2.1 to 6.9z 0 2. Figures 51a2 and  51b2 , for the 1% solution of 1.102-µm particles, contain seven curves 1obtained with seven different sample thicknesses ranging from 13.8 to 38.7z 0 2. Figures 4 and 5 show that the shapes of these scaled curves are more or less similar, indicating that there is a universal function describing the TPSF for different sample widths and therefore for different degrees of scattering. The strongest deviation from the same shape is observed for the narrowest samples of the less-scattering solution represented in Fig. 4 . The curves that are furthest from the common fit are those for the lowest scattering depths. This observation probably reflects the fact that, for these scattering parameters, the transmitted light is not sufficiently diffuse. 18 Quantitatively, the scattering length, i.e., 11 2 g2µ s d 5 d@z 0 , the number of transport mfp's through the scattering cell, must be sufficiently large for the diffusion theory to be valid. For the larger scattering lengths represented in Fig. 5 , the shapes of the TPSF's do appear similar. This suggests that, for diffuse light, they can be scaled by a linear factor related to the scattering depth.
To investigate the quality of the fit between experimental data and the predictions of Patterson's for- mula further, the square root 3a1d24 1@2 of the scaling factors is plotted in Figs. 6 and 7 as a function of the scattering length of the sample, d. It can be seen that the points derived from the diffusion approximation lie on a straight line, as may be deduced from Eq. 132. The time delay of the peak of the TPSF may be obtained by differentiating Eq. 132 to give
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Thus, for fixed z 0 , the temporal scaling factor varies as the square of d, provided that d : z 0 . The experimental points appear to confirm this linear relationship but yield a slightly different gradient. More deviation from the diffusion approximation data is obtained with the lower scattering samples, where the diffusion approximation is less valid. We observed that the experimental data always resulted in a straight line, regardless of which TPSF was used as the base in the fitting procedure. Different choices of the base curve produced lines of the same gradient but with different intersects at the axes.
Conclusions
We have investigated the TPSF of an ultrashort light pulse on transmission through highly scattering media and compared experimental measurements with theoretical predictions. We obtained reasonable agreement between our experimental normalized output pulses and those obtained from calculations with the diffusion approximation. The shape of the TPSF does not change significantly once the sample is of sufficiently large scattering depth d, which implies that, for this regime, there is a universal function for the normalized transmitted TPSF that gives a scaling of the temporal width that depends directly on d. The experimental data indicated that the TPSF width scaled with the square root of the thickness of the cell. This was confirmed by the theoretical data for larger scattering thicknesses, but the diffusion approximation calculations showed a stronger increase with scattering depth for smaller thicknesses. Our results thus suggest that the scattering length 1i.e., the number of transport mfp's2 of a sample can be monitored by observation of the time delay of the peak of the TPSF, the width of the TPSF, or some other parameter proportional to the temporal scaling factor a. The observation that the shape of the TPSF is constant is important for transmission through highly scattering media when considered in relation to the work of Hebden and Delpy. 13 It supports the validity of fitting the diffusion approximation results to experimental TPSF data for scattering thicknesses greater than the transport length.
